Northern peatlands are very sensitive to changes in climate. Impacts of increased temperatures on hydrology, vegetation structure and soil carbon are already well documented from northern peatlands. In contrast, effects of global warming on soil mites, and seasonal effects in particular, have received less attention, even though soil mites are an important component in ecosystems as they contribute to nutrient dynamics and decomposition. We investigated the impacts of long-term (16 years) experimental seasonal climate manipulations (summer warming, winter warming with snow accumulation, and year-round warming) on oribatid (Oribatida) and mesostigmatid (Mesostigmata) mite communities in a peat bog underlain by discontinuous permafrost, in Abisko, Northern Sweden. We found that (1) Year-round warming treatment had neither impact on life-history trait compositions nor on total abundances of oribatid mites, possibly because of opposite effects of summer and winter warming; (2) Small-bodied oribatid mites, in particular those belonging to genera Suctobelba, increased in abundance under the summer warming treatment; (3) The species richness of oribatid mites was negative affected by yearround warming; (4) Mesostigmatid mites, which were not identified to species level, were found to decrease in abundance under year-round warming. Because different mite taxa with different body sizes and diets play distinct roles in carbon and nutrient dynamics, the observed changes in mite communities may impact ecosystem functions in northern peatlands.
Introduction
Global mean temperatures have increased during the twentieth century and still continue to do so. The global mean annual temperatures have increased by 0.85 °C, over the period from 1880 to 2012 (IPCC 2014) , and in the Arctic region, temperatures have been increasing at a rate roughly twice that observed at lower latitudes (Blunden and Arndt 2013) . Northern peatlands are very sensitive to climate warming (Luoto et al. 2004 ). Globally, peatlands cover an estimated area of 400 million ha, of which most, circa 350 million ha, are found in the Northern hemisphere (Strack 2008) . Northern peatlands store one-third of all carbon on Earth, more than any other terrestrial ecosystem (Davidson and Janssens 2006; Dise 2009) , and are important ecosystems for many species of birds, plants and invertebrates (Luoto et al. 2004 ), many of which are important contributors to carbon sequestration or release (Laakso and Setälä 1999; Filser 2002; Heijmans et al.2008) . Therefore, it is particularly important to study the impacts of climate warming on northern peatland ecosystems. Direct and indirect effects of warming on e.g. plant growth and phenology, vegetation structure, permafrost and hydrological conditions are well documented in northern peatlands (e.g. Aerts et al. 2004 Aerts et al. , 2009 Dorrepaal et al. 2004 Dorrepaal et al. , 2006 Dorrepaal et al. , 2009 Keuper et al. 2011 Keuper et al. , 2012 Bosiö et al. 2012; O'Donnell et al. 2012; Treat et al. 2016; Gałka et al. 2017) , and some studies also document the effects of warming on belowground organisms, such as testate amoebae, Collembola and soil mites (Tsyganov et al. 2012; Krab et al. 2013; Alatalo et al. 2017) . Soil mites are important contributors to decomposition processes and Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s0030 0-018-02454 -4) contains supplementary material, which is available to authorized users.
1 3 nutrient cycling in the soil, through feeding on microorganisms, and by affecting the dispersal of microbial fungi (Moore et al. 1988; Maraun et al. 1998; Renker et al. 2005; Lenoir et al. 2007 ) and litter chemistry (Wickings and Grandy 2011) . Oribatid mites are one of the most diverse and numerous invertebrate groups in peatlands (Behan-Pelletier and Bissett 1994; Murvanidze and Kvavadze 2010) , and in those high-latitude soil ecosystems where earthworms are absent or have low densities and species diversity, their functional role, together with springtails (Collembola), enchytraeids (Enchytraeidae) and nematodes (Nematoda), is particularly important (Ruess et al. 1999) .
The past decade has seen a shift from a merely taxonomic approach to assessment of ecological and life-history traits of invertebrates in response to environmental change. Functional, ecological and life-history traits are thought to be sensitive indicators of community change, and can reveal mechanisms behind the response of species to environmental manipulations (e.g. McGill et al. 2006; Makkonen et al. 2011; Farska et al. 2014a ). The approach is also increasingly used to explain the responses of microinvertebrates to environmental change, for example, the responses of Collembola to simulated warming in the sub-Arctic (Makkonen et al. 2011) , the impacts of natural disturbance and management intensity on forest microarthropods (Farska et al. 2014a, b) and effects of climate change on microarthropod communities in boreal forests (Lindo et al. 2012) .
Previous studies have reported that oribatid mite communities are resistant to experimental warming (Hodkinson et al. 1996; Hågvar and Klanderud 2009; Alatalo et al. 2017) , and well adapted to annual changes in temperature and moisture (Convey 1996; Coulson et al. 1996) . However, their responses to simulated warming are also found to be habitat-specific (Sjursen et al. 2005a) . Moreover, previous research suggests that oribatid mites may benefit from earlier snow melt and longer growing season associated with warming (Dollery et al. 2006 ), but also from lower winter soil temperatures (Sjursen et al. 2005b ). For mesostigmatid mites, neutral, positive and negative responses to simulated warming have all been reported (Sjursen et al. 2005a; Wu et al. 2014) .
Several studies have shown that increased temperature can have impacts on the relative proportions of fungi and bacteria in soil (Blankinship et al. 2011; Garcia-Palacios et al. 2015; Asemaninejad et al. 2018) , which may affect fungal-feeding oribatid mites. Also, shifts in feeding modes in oribatid mite communities as a response to disturbance have been previously reported (Farska et al. 2014a, b) . Previous study also suggests that responses of oribatid mites to experimental warming are size dependent and that smallbodied oribatid mites benefit from soil warming (Lindo 2015) . Small-bodied oribatid mites usually have parthenogenetic reproductive mode, but whether parthenogenetic species in particular are favoured by climate warming is not known (Lindo 2015) .
One important aspect of climate warming in northern peatlands, not covered by previous studies, concerns the fact that climate warming itself, and its effects on organisms, may manifest itself differently in different seasons of the year. Seasonality of climate warming effects may be important for soil-dwelling organisms, which have to cope with annual cycles of great environmental variability from season to season, i.e. from frozen soil in winter, to very wet but cold soil around snow melt in spring, to warmer and drier soil in summer, and back to frozen soil in winter. To fill this knowledge gap, we investigated the impacts of long-term (16 years) climate manipulation on mite communities in a peat bog underlain by discontinuous permafrost, in Abisko, Northern Sweden. Specifically, we studied the impacts of experimental climate warming in different seasons (summer warming, winter warming with snow addition and yearround warming) on (1) species diversity; (2) densities; (3) community composition and (4) composition of ecological and life-history traits of oribatid mites. Three traits were chosen for analyses: reproductive mode, size and feeding guild. Also, the impacts of climate manipulations on overall densities of mesostigmatid mites, which were not identified to species level, were investigated.
We hypothesised that the overall abundance and species richness of Oribatida will not be significantly affected by modest (0.5-2.8 °C) changes in annual temperature. However, based on earlier findings on that oribatid mites may be favoured by longer growing season, but also by lower soil temperature in winter, we expected the responses to be different under summer and winter climate manipulations. We also expected that the species responses will depend on their body size and feeding mode, and as a result, trait composition of oribatid mite communities will be altered by warming.
Methods

Study area and experimental design
The study was conducted in a sub-Arctic peat bog situated at the southern shore of Lake Torneträsk in Abisko, Sweden (68°21′N, 18°49′E; Fig. 1 ). The research site is situated on a north-facing gentle slope, and the bog is underlain by discontinuous permafrost. Vegetation in the bog is dominated by a continuous Sphagnum fuscum Schimper layer, and other bryophytes and lichens are abundant (Lang et al. 2009 Aerts et al. 2004; Dorrepaal et al. 2004) . The treatments are largely based on the scenarios of IPCC on that climate change is likely to cause higher summer, spring and winter temperatures and increase in winter precipitation during the twenty-first century (IPCC 2007; . In this study, the experimental set up consisted of three climate change manipulations and a control treatment. The climate manipulations consist of summer warming (June-September), winter warming (October-late May) with snow accumulation, and year-round warming (Table 1) . Each treatment was replicated five times, thus the total number of sampling plots was 20. Summer and winter treatments were chosen in order to test whether climate change manipulations during growing season (June-September), and outside the main growing season (October-late May) have different effects on soil mite communities. The effects of increased winter precipitation are of particular interest, because previous studies suggest that enhanced winter snow cover, resulting to higher temperatures under the snow and earlier soil thawing in spring, can lead to higher decomposition and nutrient mineralization rates in the soil , which may result from, or lead to, changes in mite communities.
In the treatments, climate change manipulations were imposed by passive warming using a modified, larger version of the ITEX-open-top chambers (OTCs; see Marion et al. 1997) . OTCs were hexagonal and 50 cm high, with a diameter of 1.6-1.8 m at the top and 2.2-2.5 m at the base. OTCs were made of transparent polycarbonate (Makro Life, Arlaplast, Sweden). The OTC's raise air temperatures at approximately 5 cm above the soil by 0.5-2.8 °C in winter, 0.7-1.2 °C in spring and by 0.9 °C in summer. The soil temperatures were raised in spring by about 1 °C, in summer by 0.6-0.9 °C and in winter by 0.5-2.2 °C (Aerts et al. 2009) . No indications of effects of the treatments on soil moisture were found (Aerts et al. 2009 ). Increased winter snow accumulation was accomplished as the OTCs serve as passive snow traps, when strong winds blow snow into them at the exposed site. Snow depths were measured until 2013 and during this time winter treatment increased the snow thickness by two-or threefold. During December-January (2012) (2013) , the average snow depths were 7.9 cm in control and 25.5 cm in winter warming treatment. During February-April, the snow depths were 15.7 and 30.5 cm, respectively.
The control treatment (1) never had any OTC. The summer warming treatments (2) started in early or mid-June when the OTCs were placed over the vegetation. At the end of each growing season, OTCs were taken out from summer treatment plots and placed onto winter treatment plots. The year-round warming treatment (4) had OTCs continuously. For more detailed information regarding the experiment, see Aerts et al. (2004) and Dorrepaal et al. (2004 Dorrepaal et al. ( , 2009 ).
Sampling and identification of mites
Sampling was conducted on the 6th of July 2016 by using a small soil corer of 5 cm diameter. Samples were taken from a Sphagnum-dominated part in each replicate plot of 4 treatments, 20 samples in total. One sample consisted of two soil cores (sample area 39.28 cm 2 ), taken until approximately 6 cm depth. Samples were transported in a cool-box to the University of Turku, Finland, where extraction with Tullgren-Berlese-type funnels (Berlese 1905; Tullgren 1918) was started within 48 h from sampling. Funnels were run for 5 days, until all samples were dry. Extracted soil mites were stored in 75% ethanol. The numbers of oribatid and mesostigmatid mites were counted from the samples, and oribatid mites were identified to species or genera level by using light microscopy. Weigmann (2006) was used as identification guide and for nomenclature. Identified material is stored at the Zoological Museum of the University of Turku. 
Data analyses
To compare Oribatida species richness and diversity between treatments, Shannon biodiversity indices were calculated. Differences in biodiversity indices, mean number of Oribatida taxa and differences in Mesostigmata densities between treatments were tested using Analyses of Variance (ANOVA) with Dunn's post hoc tests. The homogeneity of variances was tested prior to analyses, and the data on Mesostigmata densities were log-transformed to meet the normality assumptions. Because for the oribatid mite species data, the parameters of normality could not be reached even after data transformations, differences in total density and densities of Oribatida species/genera between treatments were tested with Proc Glimmix procedure using negative binomial distribution. Tukey-Kramer test for multiple pair comparisons was performed as post hoc test. Differences in abundances were not tested for the species with very low abundance (< 6 individuals found or species appearing only in one sample).
To illustrate the differences/similarities in Oribatida community composition between treatments, Nonmetric multidimensional scaling (NMDS) with Bray-Curtis dissimilarity index was conducted. For the trait analyses, we chose three life-history and ecological traits: feeding guild, reproductive mode and body size (Table 2; Palmer and Norton (1991) , Scheu and Maraun (2015) and Smelansky (2006) . Information regarding body size was taken from Weigmann (2006) , and the maximum values of the body size range were used. Even though these literature-based data can only broadly represent the high end of the species' body size range in the experiment, the assumption is that they should have broadly similar ranking across species.
To study the effects of warming treatments on trait compositions of oribatid mite communities, differences in mean trait values (N = 5) between treatments were tested with ANOVA and Dunn's post hoc test. Prior to analyses, Community-Weighted Mean (CWM) values were calculated as where x is the trait value of the i-th species, and p is the relative abundance of the i-th species (see: Garnier et al. 2004) .
Analyses were conducted with SAS version 6.1 and PAST-programme version 3.0.
Results
Soil mite abundance and species diversity
In total, 2401 specimens of Oribatida were identified from the samples, so on average 120 per plot sample, belonging to 19 species and 18 genera. The total number mesostigmatid mites found was 423.
Mean density of oribatid mites varied significantly among summer and winter treatments and was highest in the summer warming treatment plots and lowest in the winter warming treatment plots, being 50% lower in the latter (Table 3) . Mean densities of oribatid genus Suctobelba were 65% higher in summer warming treatment plots compared to control (Tukey-Kramer post hoc test, p = 0.028) and 70% higher compared to winter warming with snow accumulation treatments (Tukey-Kramer post hoc test, p = 0.015; Table 3 ). Melanozetes mollicomus was most abundant in summer warming treatment, and its mean densities were 91% higher in relation to year-round warming treatment plots (Tukey-Kramer post hoc test, p = 0.022; Table 3 ). Mean densities of Nothrus pratensis were 76% higher in summer (Tukey-Kramer post hoc test, p = 0.033) and 73% higher in year-round warming treatment plots (Tukey-Kramer post hoc test, p = 0.019) in comparison to winter warming plots (Table 3) .
Abundances of Mesostigmata were highest in control plots, and lowest in year-round warming treatment plots. Year-round warming had a significant negative effect on the mean densities of Mesostigmata, which were 47% lower in relation to control (Dunn's post hoc test, p = 0.007; Table 3 ).
Oribatida species richness (number of taxa) was highest in control plots, and significantly higher in comparison to year-round warming treatments (Dunn's post hoc test, p = 0.039; Table 3 ). No significant differences were found in Shannon's H and evenness indices between the treatments (Table 3) . 
Species and traits composition of oribatid mite communities
The relative dominance structure of the Oribatida communities was similar between experiments, Oppiella nova, O. translamellata and Multioppia glabra being the dominant species in all treatments (Fig. 2) . Warming treatments had no significant effect on ecological and life-history trait composition of oribatid mite communities (Table 4) . Fungi-and animal-feeding, small-bodied (290-320µm) and parthenogenetic reproducing oribatid mites were dominant in all treatments, the relative mean abundance of those being highest in summer warming treatments (see: Online resource 2). As illustrated in NMDS configuration, there is no dissimilarity in oribatid mite communities which could be connected to warming treatments (Fig. 3) . The stress value for the Bray-Curtis dissimilarity is relatively high (0.16); however, as Clarke (1993) has noted, stress values under 0.2 can be used to produce usable NMDS configurations.
Discussion
The effects of seasonal climate manipulations on oribatid mite communities
In Arctic and sub-Arctic ecosystems, seasonality of climate warming effects may be important for soil-dwelling organisms, which have to cope with annual cycles of great environmental variability from season to season. As far as we know, our study is the first experimental study which covers the effects of seasonal climate manipulations on oribatid mite communities in northern peatlands. Our results suggest that the effects of warming on densities of oribatid mites are season specific in northern peatlands, and that the main impacts are connected to summer-time temperature increase. The effects of summer warming are, however, likely to be diminished by negative impacts of winter warming with snow accumulation. This finding of summer and winter warming with snow accumulation having contrasting effects on abundances of oribatid mites may partly explain why previous experimental studies conducted in the sub-Arctic and Arctic region have not found any impact of simulated year-round warming on them. It should be, however, noted here that, as the sampling was conducted once in early July, observed changes in oribatid mite communities may partly derive from warming having variable impacts on phenology of different species. Soil mites exhibit seasonal variation in abundance, and warming probably affects their phenology (Alatalo et al. 2017 ). However, oribatid mites living in cold areas often have extended life cycles which may span over many years (Norton 1994; Coulson et al. 2000) , and thus our results should reflect more general impacts of warming than just warming-induced earlier hatching of juveniles. However, repeated sampling in different times of summer would be good to find out how much of the observed changes are caused by the warminginduced alterations in mite phenology.
Effects of warming on ecological and life-history trait compositions
In our experiment, small-bodied oribatid mites increased in abundance under summer-time warming. We did not find field studies that investigated effects of seasonal warming for comparison, but in one peatland soil mesocosm experiment, short-term (1.5 years)-simulated warming increased the densities of small-bodied Oribatida, especially those belonging to the families Suctobelbidae and Brachychthoniidae (Lindo 2015) . These findings are of interest as body size is a morphological trait that has been proposed as a "universal indicator" of an organism's ecological role (Petchey and Belgrano 2010) . Moreover, Brown et al. (2004) have shown that the universal metabolic scaling rules dictate that small species are favoured by higher temperatures because small species have higher developmental rates and higher maximum rates of population growth than species of larger body size. Our results suggest, however, that the effects of warming on small-bodied oribatid mites are season dependent. The temperatures alone cannot explain the increase of densities of Suctobelba spp. as the OTC's raised soil temperatures more during winter (by 0.5-2.2 °C) than during summer (by 0.6-0.9 °C). One explanation could be that the peat surface layers, which can dry out on warm summer days, are protected by snow cover during winter. Small-bodied microarthropod species may be less sensitive to summer warming in peatlands because they can move deeper down into the soil when the surface peat warms up or dries out (see Krab et al. 2010 adapted to cold winters, may be more susceptible to wintertime temperature increase. In contrast to our expectations, compositions of ecological and life-history traits in Oribatida communities were not affected by warming, and in line with that, neither were species compositions. Even though small-bodied oribatid mites increased in abundance under summer warming, this did not lead to changes in body size compositions in the communities. Small-bodied oribatid mites usually have parthenogenetic reproductive mode, but it is not known whether parthenogenetic species in particular are favoured by climate warming (Lindo 2015) . In our study, the compositions of reproductive modes of oribatid mites were not affected by warming treatments, which could be due to high heterogeneity of life-history tactics within parthenogenetic oribatid mites: they can be fast reproducing and disturbance tolerant, or euedaphic (soil dwelling) and slowly developing (Maraun and Scheu 2000) .
Based on previous studies reporting that increased temperatures affect the proportions of fungi and bacteria in soil (Blankinship et al. 2011; Garcia-Palacios et al. 2015; Asemaninejad et al. 2018) , which may in turn affect microarthropods feeding on them, we expected changes in feeding guild compositions of oribatid mites to occur under warming treatments. Also, shifts in feeding guild composition in oribatid mite communities in response to disturbance have been previously reported (Farska et al. 2014a, b) . Sjursen et al. (2005a) concluded in their study that observed changes in soil microarthropod communities under warming treatments are probably explained by changes in food availability rather than by direct climatic influences. Our results, however, did not support our expectations. This could be explained by the relatively high numbers of fungi-and animal-feeding species (Feeding Guild 1) in our study plots: 69-80% of specimens recorded belonged to this group. Species belonging to this group can feed on a variety of food sources, including living and dead animals (nematodes, springtails) and fungi, and they have even been described as omnivorous (Schneider 2005) . Therefore, species in this feeding guild may have a better capacity to adjust to changing conditions. Moreover, previous studies have shown that fungal-feeding (Guild 2) oribatid mites can be selective in feeding, but most of them feed on a wide spectrum of fungal species (Schneider et al. 2004 ). 
Role of habitat moisture for mite responses to climate warming
A recent study from Greenland reported that arthropod communities in drier habitats appear to be more sensitive to climate change effects than those in wet habitats (Koltz et al. 2018) . The negative effects of experimental warming on soil microarthropods seem to be concomitant with those of decreases in soil moisture (Hodkinson et al. 1998; Kardol et al., 2011; Koltz et al. 2018) , and it is well known that drought conditions impact soil microarthropods negatively (Blankinship et al. 2011; Lindo et al. 2012) . However, in peatland systems, reductions in soil moisture can actually benefit soil microarthropods by increased habitable pore space and aerobic conditions (Turnbull and Lindo 2015) , and there is also evidence that oribatid mite communities can be resistant to long-term experimental warming, irrespective of the effects of warming on soil moisture (Alatalo et al. 2017) . Our results partly support the finding that wet habitat communities are resistant to warming effects.
Ecosystem functions in peatlands under warming
Year-round warming decreased the numbers of oribatid mite taxa in our climate manipulation experiment. This finding is important, as sub-Arctic ecosystems usually have low species diversity and thus the number of species is more critical to ecosystem functioning than in high-diversity systems (Heemsbergen et al. 2004; Roscher et al. 2004 ). This may be due to low functional redundancy in low-diversity systems, i.e. there are few species to take over functional roles when other species are lost. In other words, if the amount of primary productivity and the physio-chemical environment were held constant in all ecosystems, fewer species would contribute more to a particular ecosystem function (Wall 2007) . Low-diversity systems are also thought to be more vulnerable to disturbance (Yachi and Loreau 1999) , and to invasion of alien species (Nielsen et al. 2011) . Therefore, through a decrease in species richness of Oribatida, climate warming may affect soil ecosystem functions, especially carbon and nutrient dynamics in Sphagnum-dominated peatlands. However, Nielsen et al. (2011) noted in their review, that even though there is theoretical evidence that species richness may be important for the stability of ecosystem functions, the few studies conducted on soil communities have reported mixed results with positive, neutral and negative relationships.
The overall consequences of warming on belowground ecosystem functions are still unclear. Lindo (2015) concluded that community downsizing in soil systems may lead to reductions in food web trophic transfer efficiency, as body size is intricately linked to metabolism, with consequences for nutrient and energy dynamics, and possibly to nutrient losses and decreased stability in belowground systems. In our experimental site, the numbers of small-bodied oribatid mites increased under summer-time warming in line with the increase in total abundance of oribatid mites, while the relative densities of small-bodied species did not change. Our results only partly support the theory of small species being favoured by higher temperatures (Brown et al. 2004 ) and suggest that the responses can vary depending on season.
We observed that the densities of mesostigmatid mites were significantly decreased by year-round warming, which together with the increase of small-bodied oribatid mites can possibly lead to changes in nutrient release. Staddon et al. (2010) reported reductions in both C and N release from a moss-mesocosm system after an increase in small-bodied microbial grazers, following the loss of large-bodied predators in a tropic cascade. However, the decreasing effects of warming on mesostigmatid mites were not consistent with the increase in small-bodied oribatid mites, which had the highest densities under the summer-time warming treatment. Yet, summer warming had no impact on mesostigmatid mites. There is evidence from laboratory experiments that predation of Mesostigmata strongly affects the species compositions of oribatid mites. Schneider and Maraun (2009) showed that species belonging to the families Oppiidae and Suctobelbidae decreased when predatory Mesostigmata were added to a mesocosm experiment, while the larger Oribatida species were more resistant to predation. Our results suggest that the changes in oribatid mite communities are not connected to densities of mesostigmatid mites; however, no further conclusions can be made because Mesostigmata were not identified to higher taxonomical level.
Conclusions
We found that the effects of climate warming on oribatid mite communities in a sub-Arctic peat bog were season specific. The results suggest that the impacts of climate warming on oribatid mite communities in northern peatlands are mostly connected to summer-time temperature increase, and partly support the theory of small species being favoured by higher temperatures, as small-bodied Suctobelba spp. increased in abundance under summer-time warming treatment. Year-round climate warming was found to have decreasing effect on species richness of oribatid mites and densities of mesostigmatid mites. Because different mite taxa with different body sizes and diets play different roles in carbon and nutrient dynamics, the observed changes in mite communities may impact ecosystem functions in northern peatlands. 
